Physical mechanisms underlying the empirical correlation between relative contact order (CO) and folding rate among naturally-occurring small single-domain proteins are investigated by evaluating postulated interaction schemes for a set of three-dimensional 27mer lattice protein models with 97 different CO values. Many-body interactions are constructed such that contact energies become more favorable when short chain segments sequentially adjacent to the contacting residues adopt native-like conformations. At a given interaction strength, this scheme leads to folding rates that are logarithmically well correlated with CO (correlation coefficient r = 0.914) and span more than 2.5 orders of magnitude, whereas folding rates of the corresponding Gō models with additive contact energies have much less logarithmic correlation with CO and span only approximately one order of magnitude. The present protein chain models also exhibit calorimetric cooperativity and linear chevron plots similar to that observed experimentally for proteins with apparent simple two-state folding/unfolding kinetics. Thus, our findings suggest that CO-dependent folding rates of real proteins may arise partly from a significant positive coupling between nonlocal contact favorabilities and local conformational preferences.
Abstract
Physical mechanisms underlying the empirical correlation between relative contact order (CO) and folding rate among naturally-occurring small single-domain proteins are investigated by evaluating postulated interaction schemes for a set of three-dimensional 27mer lattice protein models with 97 different CO values. Many-body interactions are constructed such that contact energies become more favorable when short chain segments sequentially adjacent to the contacting residues adopt native-like conformations. At a given interaction strength, this scheme leads to folding rates that are logarithmically well correlated with CO (correlation coefficient r = 0.914) and span more than 2.5 orders of magnitude, whereas folding rates of the corresponding Gō models with additive contact energies have much less logarithmic correlation with CO and span only approximately one order of magnitude. The present protein chain models also exhibit calorimetric cooperativity and linear chevron plots similar to that observed experimentally for proteins with apparent simple two-state folding/unfolding kinetics. Thus, our findings suggest that CO-dependent folding rates of real proteins may arise partly from a significant positive coupling between nonlocal contact favorabilities and local conformational preferences.
INTRODUCTION Generic protein properties as energetic constraints
The folding of many small single-domain proteins is well approximated by simple two-state thermodynamics and kinetics. 1, 2 In the past several years, we have shown that fundamental insights into protein energetics can be gained by using these general, apparently mundane properties as experimental constraints on protein chain models. 3−10 This approach is based on the recognition that model interaction schemes capable of producing these commonly observed experimental properties are, somewhat surprisingly, not entirely straightforward to come up with. To date, much advance has been made by coarse-grained modeling of protein folding. 7,11−15 Nonetheless, the interactions postulated by many existing models are insufficient for calorimetric two-state cooperativity.
3,4
Furthermore, even common Gō models are not cooperative enough for simple two-state kinetics, their explicit native biases notwithstanding. Specifically, we recently found that several lattice 6,9,10 and continuum (off-lattice) 8 Gō-like formulations with essentially additive interaction schemes all led to chevron rollovers -a hallmark of folding kinetics that are often operationally referred to as non-two-state. 9 Apparently, many-body interactions are needed to produce chevron plots with linear folding and unfolding arms consistent with a two-state description of equilibrium thermodynamics.
10
Small single-domain proteins are characterized as well by a significant correlation between relative contact order (CO) and folding rate. 16 Therefore, it is only logical to require a model protein interaction scheme to produce a similar correlation. 17, 18 Isinglike 19, 20 and other 21, 22 constructs without explicit chain representations have had successes in this regard. However, as for thermodynamic and kinetic cooperativities, achieving the CO dependence requirement in models with explicit chain representations appears to be a nontrivial task. Notably, an early lattice model study using a 20-letter alphabet suggested that proteins with higher CO should fold faster, 23 thus predicting a trend opposite 17 to that for real single-domain proteins. 16, 18 A more recent 20-letter lattice model investigation, on the other hand, found modest correlations between increasing CO and longer logarithmic folding time (correlation coefficient r ≈ 0.70-0.79 for chain lengths ≥ 54). 24 An earlier continuum Gō model studies of 18 proteins also found a modest correlation between increasing CO and slower logarithmic folding rates (r = 0.69).
magnitude, which is much narrower than the ≈ 5 orders of magnitude covered by the real folding rates of the proteins in the given dataset. When a different potential function was used in a more recent continuum Gō model analysis, however, no correlation between CO and simulated folding rates was discerned.
26
Recently, based on lattice 27mer simulations, Jewett et al. 27 have proposed that enhanced thermodynamic cooperativity and many-body interactions -which are basic properties of individual two-state proteins to begin with 1−10 -may also be a key to understand the correlation between CO and folding rate across different proteins. This is an attractive and insightful idea. However, the particular way in which thermodynamic cooperativity was enhanced by these authors led only to modest increases in folding rate dispersion relative to that for the corresponding lattice Gō models with pairwise additive contact energies. Both the dispersion in folding rates and the correlation of logarithmic folding rate with CO (r = 0.75) for the most cooperative interaction scheme they reported were similar to that obtained from an earlier continuum Gō model study, 25 as well as that from a recent simulation of 20-letter lattice models 24 with only pairwise additive contact energies (see above). In our view, these results suggest that while COdependent folding may well derive from certain intraprotein interactions that are also responsible for high thermodynamic cooperativity, CO-dependent folding does not arise from thermodynamic cooperativity per se. In other words, how cooperativity is achieved can be critically important. Many a priori many-body mechanisms are consistent with high thermodynamic cooperativity. An example is the two rather different interaction schemes we considered in ref. 10 -one involves local-nonlocal coupling while the other assigns an extra favorable energy to the ground-state structure as a whole. But per-
haps not all such mechanisms can mimic experimentally observed CO dependencies to the same degree. Therefore, to shed light on the physical mechanisms of CO-dependent folding, we endeavor to construct an interaction scheme that would provide larger dispersions in folding rates and better correlations with CO.
MODELS AND METHODS
The present study focuses on the idea of a cooperative interplay between local con-formational preferences and the contact-like interactions that drive the packing of the protein core. 3, 5, 6, 10 We have shown that chain models embodying this idea can lead to calorimetric cooperativity and simple two-state kinetics, 10 although our exploration thus far has been limited to model proteins that are mostly helical. 3, 5, 6, 10 Here we consider a general formulation of this idea, the basic ingredients of which are described by Fig. 1A .
This hypothesis may be viewed as a synthesis of the local-dominant and the nonlocaldominant perspectives. 28 We were motivated by the recognition that both local 29 
A simple model of local-nonlocal coupling
Here we explore the hypothesis in Fig. 1A by incorporating its form of local-nonlocal coupling into a new interaction scheme in Fig. 1B for explicit-chain models configured on three-dimensional simple cubic lattices. This allows the idea to be tested quantitatively. Table I do not necessarily coincide with those used in their study.
† The following typographical error in ref. 6 should be corrected. The relative attempt frequencies of corner flips and crankshafts used in this prior study of ours were, respectively, 60.6% and 27%, not the 27% and 60.6% stated on p. 901 of ref. 6. as is the case here and has been verified by Jewett et al. 27 Progress towards the native state is tracked by the fractional number of native contacts Q (ref. [3] [4] [5] [6] . To ascertain the implications of the local-nonlocal coupling we proposed, results from a highly cooperative interaction scheme with a = 0.1 are compared with that from the additive scheme (a = 1) of common Gō models (c.f. Fig. 1B ). Folding trajectories are initiated at a randomly generated conformation; folding first passage time is defined by the formation of the Q = 1 ground-state conformation. Unfolding trajectories are initiated at the ground-state conformation; unfolding first passage time is the time it takes for the chain to be left with three or fewer native contacts (Q ≤ 3/28); Q = 3/28 is chosen to define unfolding because it coorresponds approximately to the free energy minimum for the denatured state.
RESULTS
Sensitivity of folding rate on CO enhanced by local-nonlocal coupling The a = 0 case here corresponds to complete interdependence between nonlocal contact and local structure. This inset indicates that sensitivity of folding rate to CO increases (the fitted line has a more negative slope) with decreasing a, and that the behavior of the a = 0.1 models is very similar to that of the a = 0 models. These results further affirm that local-nonlocal coupling is a key ingredient for the good correlation between CO and fold rate in these models. Nevertheless, as for real proteins, to the randomly chosen set in Table I (and therefore not plotted and not used in the correlation analysis of Fig. 2B ), we found log 10 (folding rate) = −7.26 and −7.60, which happen to be much closer to the fitted line in Fig. 2B . The reasons behind variations in folding rates among structures with same CO remain to be elucidated.
A consistent model of thermodynamic and kinetic cooperativity folding/unfolding rates and ∆G u within the corresponding regime (i.e., the model parameter E may be eliminated in favor of the lower horizontal scale in Fig. 3) . Furthermore, comparing the mean first passage times in Fig. 3 Taken together, the above considerations imply that the local-nonlocal coupling mechanism for enhanced CO-dependent folding in Fig. 2B also provides -as it should -a consistent account of thermodynamic and kinetic cooperativities 6,8−10 in simple two-state proteins (Fig. 3) .
As it stands, the transition midpoints of all 27mers considered here with the localnonlocal coupling parametrized by a = 0.1 are very close to one another. This is because the interaction scheme in Fig. 1B assigns the same energy (= 28E) to every ground-state conformation. This is a simplifying assumption in the present modeling setup. Since the thermodynamic stabilities of real, small single-domain proteins are quite diverse, 16, 18 it is important to note that, in a broader perspective, our hypothesis that significant CO-dependent folding can emerge from local-nonlocal coupling is not contingent upon the different proteins in question having very similar thermodynamic stabilities. In more sophisticated models, for example, an extra favorable energy that differs from one 27mer to another may be assigned to the ground-state conformation (i.e., a different E gs term as defined in ref. 10 for each 27mer). In that case, the thermodynamic stabilities of dif-ferent 27mers can be very different, but their folding rates would not be affected by this extra feature of the model. In other words, the correlation between CO and folding rate in Fig. 2B would remain unchanged. As we have recently argued, 10 such extra stabilizing energies for the ground state as a whole are physical plausible because experimental evidence 50 indicates that in real proteins there is a partial separation between the driving forces for folding kinetics and the interactions responsible for thermodynamic stability.
DISCUSSION
Energy landscapes of the present models are further characterized in Fig. 4 for three representative structures with low, intermediate, and high CO values. In this figure, the low-and high-CO structures are, respectively, the fastest and slowest folding among the 97 structures in Table I , whereas the intermediate-CO structure is the one analyzed in Fig. 3 . For the common additive Gō potential, energy E is directly proportional to Q (E = EQ). However, for the cooperative models with local-nonlocal coupling, there are multiple energy levels for each Q, with E = EQ as the lower bound (left panels of Fig. 4 ).
This means that, on average, the energetic separations between non-ground-state and ground-state conformations in the cooperative models with local-nonlocal coupling are larger than that in the additive Gō models. This feature is demonstrated directly in the right panels of Fig. 4 , which show that the number of non-ground-state conformations within a given energy range is smaller for the cooperative models than for the additive Gō models except for the highest energies (E ≈ 0). It follows that the overall thermodynamic cooperativities of the models with local-nonlocal coupling are substantially higher than that of the corresponding additive Gō models. This behavior is expected as well from our recent finding that simple two-state folding/unfolding kinetics (Fig. 3 above) requires "near-Levinthal" thermodynamic cooperativity. 10 Indeed, for the three models in Fig. 4 with local-nonlocal coupling, the van't Hoff to calorimetric enthalpy ratios ∆H vH /∆H cal are, from top to bottom, κ 2 = 0.972, 0.992, and 0.998. These values are extremely high for model enthalpy ratios without baseline subtractions. 4 In contrast, the corresponding additive Gō models are less cooperative, with κ 2 = 0.751, 0.861, and 0.878. Here it is noteworthy that the additive Gō models' ∆H vH /∆H cal ratios even after empirical baseline subtractions,the ∆H vH /∆H cal ratios of the cooperative models in the absence of baseline subtractions.
Contact-order dependence indicative of special mechanisms of cooperativity
Obviously, thermodynamic cooperativity is a necessary ingredient for any protein chain model that purports to rationalize the generic properties of small single-domain proteins.
3−10 For the particular interaction scheme we consider, the above analysis shows that features that give rise to significant CO-dependent folding also lead to high thermodynamic cooperativity. However, the converse is not necessarily true. with increasing Q as in common Gō models; but rather decreases at progressively faster and faster rates when Q is closer to unity. ¶ Third, in fact, if thermodynamic cooperativity is further increased in the interaction scheme of Jewett et al. by increasing their s parameter, the energy landscape will eventually become a Levinthal golf course in the s → ∞ limit. In that case, folding would be rate-limited by random conformational search and CO-dependence would be all but eliminated. Fourth, in this connection, we have recently considered three 27mer models with CO = 0.28, 0.40 and 0.51 in a separate study. The thermodynamic cooperativity of these models are enhanced by assigning an extra stabilizing energy to the ground state but without local-nonlocal coupling. 10 For the energetic parameters we considered, the folding rates of these models cover less than an order of magnitude. 10 The same set of results also indicated that dispersion in folding rates under moderately folding conditions would decrease if thermodynamic cooperativity is increased by assigning an even stronger stabilizing energy to the ground state, in a manner similar to greatly increasing s in Jewett et al.'s formulation. Taken together, these observations lead us to the conclusion that while thermodynamic cooperativity is certainly necessary, by itself it is not sufficient to guarantee CO-dependent folding rates similar to that observed experimentally 16, 18 if the underlying mechanism for thermodynamic cooperativity is not specified.
CO-dependent folding highlights the important role of local interactions in determining folding rates. 16−18 It suggests that the mechanism of folding may involve relatively fast formation of local structure. In this regard, we note that under the general lattice scheme in Fig. 1B , formation of strong (unattenuated) native contacts with contact order |j −i| = 3 is relatively easier than formation of strong native contacts with higher contact orders. This is because in the |j −i| = 3 case there is an overlap between parts of the two local segments that have to be nativelike in order for the contact to be strong. Physically, how a general mechanism similar to that in Fig. 1 may arise in real proteins from solventmediated atomic interactions such as sidechain packing and hydrogen bonding remains to be elucidated. Many basic issues will have to be tackled to address this question.
For example, correlations between backbone and sidechain rotamer conformations 53 may contribute to such a mechanism. Another possibility is that aspects of anti-cooperativity ¶ Jewett et al. suggested that the "extraordinary cooperativity in protein folding" may originate from "three-body interactions." But how three-body interactions might lead to their E-Q relationship remains to be elucidated.
of certain types of hydrophobic interactions 54 may help disfavor premature nonspecific hydrophobic collapse (which would lead to kinetic trapping 14 ) when the sidechains are locally less well packed than that in the native state. If this is the case, it could give rise to local-nonlocal coupling mechanisms similar to that postulated in Fig. 1 .
In summary, while the models used in the present study are rudimentary, they provide strong evidence that a cooperative interplay between local conformational preferences and nonlocal favorable contact-like interactions is an important mechanism in accounting for experimentally observed CO-dependent folding of small single-domain proteins.
We are optimistic that more rigorous applications of the CO-dependence constraint as well as the thermodynamic and kinetic cooperativity requirements would help further narrow down theoretical possibilities and thus contribute to a more realistic understanding of protein energetics. Table I . Table I ) to illustrate that log 10 (folding rate) (vertical scale) is more sensitive to CO (ii) (i)
